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Summary
The purpose of this work is to compare the properties of phosphatidate phosphatase (LAY-phosphatidate phosphohydrolase, EC 3.1.3.4) in fetal and adult rat lung and to establish the developmental profile of activity measured under optimal conditions. The maximal pH of 6.0-7.0 and the inhibition by fluoride, CaZ+ and detergents were similar for both adult and fetal. Phosphatidate phosphohydrolase activity was located in both mitochondria and microsomes. The localizations of marker enzymes indicated that the activity in these subfractions was not a result of cross contaminations. Very low activity was detected in the supernatant fraction and no Mg2+ requirement was demonstrable. The activity in the p~iculate fraction was about 50% of the adult from 18 day gestation until birth. Following birth, the activity rapidly increased to adult levels. Dipalmitoyl, dioleoyl and diacyl glycerol 3-phosphates are all utilized well as substrates. 1,2dipalmitoyl-sn-glycerol 3-phosphate was hydrolyzed faster under maximal conditions. The velocity-substrate curves tended to be sigmoidal, p~ticular~y when 1 ,Zdipalmitoyl-so-glycerol 3-phosphate was the substrate. Estimated apparent X, values of 0.02-0.03 mM were obtained for fetal and adult preparations.
Introduction
Choline phosphoglycerides are synthesized in the lung primarily by the cytidinedependent pathway [l-3] . The activity of this pathway increases with development coincident with the developmental rise in choline phosphoglyceride concentration [ 1, [3] [4] [5] [6] .
The increase in the amount of choline phosphoglycerides is associated in time with the appearance of lamillar bodies in the type II alveolar pneumocyte [ 7-101 and presumably reflects the maturation of the system for the production of l,%dipalmitoyl-sn-glycerol 3-phosphorylcholine, a necessary component of lung surfactant.
Previous investigations on the developmental regulation of the synthesis of choline phosphoglycerides in the lung concentrated on the reactions for the formation and utilization of CDPcholine [lo-121. However, since the final step in the synthesis of choline phosphoglycerides involves the transfer of phosphorycholine from CDPcholine to 1,2diacyl-sn-glycerol, the efficient operation of the total pathway depends upon a continuous production of both 1,2diacyl-sn-glycerol and CDPcholine. . The radioactive phosphatidic acid was purified by thin-layer chromatography on silica gel 60 plates with solvent system A. Radioactive 1,2-dioleoyl-sn-glycerol 3-phosphate had a specific activity of 1.26 * 10' cpm/pmol. The homogenate was filtered through a 50 mesh stainless-steel wire filter. The filtered homogenate was centrifuged at 1000 Xg for 10 min. The sediment was washed twice with sucrose/EDTA (half the original volume of the homogenate).
The combined 1000 X g supernatant was centrifuged at 20 000 X g for 20 min. The crude mitochondrial pellet was resuspended in sucrose/ EDTA and collected again by centrifugation.
The combined 20 000 X g supernatant was centrifuged at 100 000 X g for 60 min to obtain a pelleted microsome fraction and a 100 000 X g supernatant.
The microsomes were suspended in 0.32 M sucrose (1.0 ml per g original lung).
Assay of phosphatidate phosphatase.
The reaction mixture, unless stated otherwise, contained 100 mM Tris/maleate buffer pH 6.4, 0.35 mM phosphatidic acid and enzyme preparation in a volume of 1.0 ml. After the desired incubation time at 37"C, the reaction was stopped by the addition of 1.0 ml of 10% trichloroacetic acid. The amount of inorganic phosphate was measured in the supernatant.
The amount of inorganic phosphate in zero time incubations was subtracted from all assay reactions. Initial control experiments indicated that no inorganic phosphate was released when the microsomes were incubated in the absence of phosphatidic acid nor was inorganic phosphate released when phosphatidic acid was incubated without-microsomes.
Phosphatidic acid was added to the incubation mixtures as a sonicated suspension in the reaction buffer. The desired amount of phosphatidic acid was dissolved in hexane (approx. 0.1 ml per pmol phosphatidic acid). Tris/maleate buffer, pH 6.4, was added and the mixture sonicated for 1 min in a Heat Systems Model W185 sonifier at 50 W. The excess hexane was evaporated by blowing nitrogen through the solution. The use of hexane instead of diethyl ether produced phosphatidic acid preparations that were slightly more active as substrates in the reaction. Inorganic phosphate was determined as described previously [4] . In the experiments using detergents, the resulting turbidity was cleared by the addition of sodium dodecyl sulfate [27] or by extracting once with 2.0 ml chloroform. Protein was estimated by the method of Lowry et al. [28] .
Results and Discussion
General characteristics
The characteristics of phosphatidate phosphatase activity in homogenates and microsomes from adult and fetal lung were determined. Maximal activity was obtained at pH 6.0-7.0. The liberation of phosphorus was linear with time up to 20 min and proportional to protein up to 1.0 mg/ml in the assay. The addition of dithiothreitol, (1.0 mM), EDTA (1.0 and 10.0 mM), Mgzc (1.0 and 10 mM), and iodoacetate (1.0 and 10.0 mM) to the assay mixture had no affect on the activity. 10 mM NaF produced a 70--80% inhibition. Calcium inhibited the activity 60% at 10 mM and lo-15% at 1.0 mM. Sodium deoxycholate produced no inhibition at concentrations of 3 mg/ml whereas sodium dodecyl sulfate, Lubrol WX, and Tween-20 at 3 mg/ml caused 80, 30 and 15% inhibition, respectively.
Cetyl trimethyl ammonium bromide strongly inhibited the activity, 70--80% at 0.3 mg/ml. In all cases the effects were similar for both fetal and adult preparations.
The detergent effects are very similar to those obtained with liver particulate phosphatidate phosphatase [ 291. Radioactive 1,2-dioleoyl-sn-glycerol 3-phosphate was incubated under standard assay conditions with total particulate from fetal and adult lung. The total particulate is the material which is pelleted between 600 X g for 5 min and 100 000 X g for 60 min. After 20 min, the reaction mixtures-were extracted with 2 : 1 chloroform/methanol by the method of Folch. The lipid extract was separated on thin-layer chromatography using both solvent systems C and D. Radioactive diglyceride was formed (140 and SO nmol in 20 min for adult and fetal, respectively).
No other radioactive products were detected.
Subcellular distribution
Phosphatidate phosphatase activity in both adult and fetal lung is located predominantly in particulate fractions (Table I) . A small amount of activity is found in the soluble fraction in adult but no measurable activity is found in the soluble portions of fetal lung. The fetal lung apparently contains a higher proportion of activity in the mitochondria than the adult. A comparison of the distribution of selected marker enzymes (Table II) with the distribution of phosphatidate phosphatase indicates that the activity in both microsomes and mitochondria appears not to be a result of cross contamination. However, since the extent of contamination of these fractions by lysosomes and/or lamellar bodies is unknown, a definite conclusion cannot be made. The distribution Supernatant was also assayed in the presence of 1.0 and 5.0 mM EGTA with 1.0 and 4.0 mM Mg2+. Neither EGTA or EGTA plus Mg2+ produced any increase in enzyme activity.
Phosphatidate phosphatase activity during development
The activity in fetal lung was relatively constant at 70% of the adult from 18 day gestation (-4 day) until birth ( Fig. 1) . The activity increased rapidly after birth to reach 130% of the adult by 1 day and maintained this activity for 8-10 days before slowly dropping to adult values by 20 days. The activity in the lungs from groups of adult male, female and pregnant rats was not significantly different.
The developmental pattern in the rat differs from that reported for the rabbit [14] . The enzyme activity increases prior to birth in the rabbit. This apparent difference in the timing of the enzyme activity increase may be a reflection of the fact newborn rabbits are more developed at birth than are the newborn rats. The rapid increase after birth is consistent with the increased requirement for synthesis of choline phosphoglycerides for the formation of surfactant that is needed for lung function in the breathing animal. Presumably, the activity of phosphatidate phosphatase in fetal rat lung is sufficient to support the surge in biosynthetic activity prior to birth [l] , when the continued requirement for choline phosphoglycerides is limited since most of the surfactant formed is for storage. Following birth an increased requirement for the synthesis of choline phosphoglycerides probably occurs because of the need for continuous formation of surfactant material for secretion. Thus, an increase in the capacity for choline phosphoglyceride synthesis would be met by increasing the activity of phosphatidate phosphatase.
Substrate specificity
The phosphatidate phosphatase reaction in lung microsomes is specific for phosphatidic acid (Table III) . The rate of hydrolysis of glucose 6-phosphate, DL-cy-glycerophosphate, /3-glycerophosphate and p-nitrophenylphosphate is about 10% that of phosphatidic acid. Thus, under these conditions, the reaction is specific for phosphatidic acid. Little, if any, activity is due to deacylation of phosphatidic acid followed by hydrolysis of the glycerol 3-phosphate as has been reported to occur in liver [ 421. The results described above with 1,2-diacyl-sn-['4C]glycerol 3-phosphate also are consistent with this conclusion. A comparison of the rate of hydrolysis of 1,2dipalmitoyl-sn-glycerol 3-phosphate, 1,2dioleoyl-sn-glycerol 3-phosphate, and 1,2diacyl-sn-glycerol 3-phosphate indicates that all are utilized well as substrates for phosphatidate phosphatase with both fetal and adult microsomes (Fig. 2) . The 1,2-dipalmitoyl-sn- [47] and the activity towards disaturated phosphatidic acids was far lower. Thus, the greater activity towards 1,2-dipalmitoyl-snglycerol 3-phosphate by lung appears to be somewhat unique and is consistent with the unique ability of lung to synthesis large amounts of 1,2-dipalmitoylsn-glycerol 3-phosphor-y1 choline. Substrate specificities obtained by adding phosphatidic acid exogenously to the assay must be interpreted with some caution due to differences in the physical state of the substrate. However, the dipalmitoyl species is the most insoluble and the most difficult to prepare in uniform suspensions.
The velocity-substrate curves shown in Fig. 2 do not follow MichaelisMenten kinetics, but rather tend to be sigmoidal curves. Additional experiments with more determinations at lower substrate concentrations showed that a definite lag in the velocity vs. substrate curve occurs at low substrate concentrations. This result is particularly striking when 1,2-dipalmitoyl-sn-glycerol 3-phosphate is used as substrate (Fig. 3) . Biphasic substrate saturation curves have also been reported for phosphatidate phosphatase from Bacillus subtilis [ 481. The failure of enzymes which utilize lipid substrates to follow MichaelisMenten kinetics is not unusual and has been discussed at length by Gatt [49] . According to the classifications proposed by Gatt, the substrate curves observed for phosphatidate phosphatase indicate that under these conditions the enzyme utilizes micelles and that monomeric forms of phosphatidic acid are utilized at a much lower rate.
In an attempt to clarify this possibility several experiments were conducted in which the phosphatidic acid was prepared under different conditions. Sonication of the phosphatidic acid for 90 min gives a clear preparation. This preparation produces the same general velocity-substrate curve but a somewhat higher maximal velocity when compared to phosphatidic acid sonicated for 30 s. Phosphatidic acid from egg phosphatidylcholine was sonicated with equal amounts of phosphatidylcholine.
The substrate-velocity curve was unchanged with this substrate preparation.
Similarly, phosphatidic acid was sonicated in the presence of equal amounts of cholesterol.
This preparation also gave the same substrate-velocity curve as phosphatidic acid alone. Accurate calculations of K, for phosphatidic acid are difficult because of the sigmoidal nature of the substrate-velocity curves. However, apparent K, values of 0.02-0.03 mM, estimated from the data shown in Fig. 2 
